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Abstract: Polymer gears are used extensively in various applications. However, durability issues have
been emerging because of friction at gear tooth contact areas. To extend the lifetime of polymer gears, a
low-frictional coating has been considered as a possible strategy. In this study, a finite element simulation
method was performed to investigate the contact stress between a pair of coated polymer gears. The
simulation included various friction coefficients (COFs) for studying the effects of friction during the
operation. Numerical results revealed that the friction causes the contact stress to shift over the roll angle,
which is attributed to the direction of the sliding friction based on a free-body diagram. We also
investigated the effects of coating and found that a thin coating has little effect on the bulk deformation
behavior of the gear. Moreover, the stress distribution in the coating at the pitch point was investigated as
the COF increased. Under zero friction, three notable stress regions were observed: 1) the center of the
surface, 2) the end of the contact, and 3) the overall contact area. As COF was increased in the micro-slip
region of the contact interface, both tensile and compressive stresses in the coating increased. This study
provides significant aid to engineers for understanding the stress response of the coating applied to
polymer gears to achieve an optimal design.
Keywords: coating; contact stress; finite element method (FEM); friction; polymer gear

1

Introduction

The weight reduction of mechanical components is
a crucial requirement for reducing energy consumption
and satisfying environmental regulations [1–3]. In
response to these global trends, polymer gears have
been gaining attention in various applications [4–6].
In the automotive industry, the demand for polymer
gears has steadily been increasing as a means of
replacing metallic gears to improve efficiency [5].
The benefits of polymer gears include low production
costs, low inertia, high corrosion resistance, and
the ability to be operated without a lubricant [4, 7].
One challenging aspect of employing polymer
gears is the friction between mating gears, which

is highly detrimental to the lifetime of the polymer
gear [6]. As more contact stress is applied to the
gear teeth, the running temperature increases because
of the friction [8]. The heat generated by the friction
accumulates at the surface because the polymer
has poor thermal conductivity [9]. Consequently,
the material softens and severe surface wear occurs
[10].
A general method to reduce the friction in mating
gears is the use of lubricants or applying lowfrictional coatings [11]. Polymer gears are often
used in applications in which lubricants cannot be
used, such as food processing machines and office
equipment [12]. Therefore, the application of lowfrictional coatings is an appropriate approach for
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reducing the friction between the polymer gear
teeth. Benefits of the low-frictional coatings include:
(1) modification of only the surface properties while
maintaining the bulk responses of the substrate
[13], (2) improvement of efficiency by reducing the
frictional loss in the mechanical systems [14], and
(3) the efficient usage of resources because of the
small amount of coating material required for
application [15]. The feasibility of applying a lowfrictional coating to polymer gears has been verified
by Dearn et al. [7], who investigated the effects of
four different coatings on polymer gears. One of
the coatings is polytetrafluoroethylene (PTFE), which
is known for its low-friction property. Experimental
results revealed that the running temperature and
wear were significantly reduced by applying a PTFE
coating. However, when the PTFE coating was applied
to a hard-composite polymer gear, the coating was
easily scratched, and wear increased rapidly because
the coating was softer than the gear.
Generally, low-frictional coatings should simultaneously satisfy properties such as high hardness,
high stiffness, superior wear resistance, and sufficient
adhesion to the substrate [16]. Diamond-like carbon
(DLC) not only has the properties that low-frictional
coatings should provide, but also has good mass
productivity, attracting special attention in various
industries [17]. Notably, DLC shows both chemical
inertness and a low friction coefficient (COF, even
in dry conditions), which makes it a potential
candidate for polymer gears [18, 19]. Because of the
intrinsic properties, various experimental studies
on polymer substrates have demonstrated that DLC
provides a significant improvement by reducing
the friction and wear while supporting high contact
pressure of up to 350 MPa, which is a relatively
harsh condition for polymeric materials [20, 21].
However, hard coatings on soft substrates (such
as DLC on polymers) may encounter the challenge
of having significant differences in their mechanical
properties. When a coating/substrate system with
a high elastic modulus mismatch is subjected to a
load, stress concentration occurs at the interface,
which increases the probability of delamination
between the coating and the substrate [22]. Therefore,
it is necessary to evaluate the contact stress response
of coated polymer gears to predict undesirable failures

caused by the contact stress during operation.
However, a fundamental study on the contact
stress during the operation of a coated polymer
gear considering friction is still lacking.
Rating standards, such as those used by the
International Standards Organization (ISO) and the
American Gear Manufacturers Association (AGMA),
are often used to calculate the contact stress of gears
in the industry [23, 24]. As described in Section 2.1,
these rating standards provide an estimation of
the contact stress at the pitch point [25, 26]. These
standards result in valid estimations for metallic
gears because they are based on rigid body motions
[25]. However, the action of involute gears subjected
to a load cannot be considered as a conjugate action
because of tooth deformation [27]. Polymers have
a significantly lower elastic modulus than metals;
thus, deflections of gear teeth must be considered
to obtain an accurate estimation [25]. Another
limitation is that the standards do not consider
friction effects when evaluating the contact stress
[24]. Moreover, the existing standards cannot account
for evaluating gears with a coating. Various studies
have used the finite element method (FEM) to
understand the contact stress response of mechanical
systems with a coating [22, 28–30]. The advantages
of FEM are that deformation can be considered in
the simulation, leading to more accurate results
[31], and friction can be included in the contact
problem [24].
In this study, the FEM model was developed to
investigate the contact stress response of coated
polymer gears with the frictional effect during gear
operation. Two-dimensional simulations using quasistatic analysis were performed for involute spur gears.
Contact stress results were obtained for a complete
mesh cycle between a pair of gear teeth. Simulation
results were compared with those predicted by the
international rating standards. Furthermore, stress
analysis of the coating was performed at the pitch
point with a range of COF values.

2
2.1

Contact stress calculation methods
International rating standards

Rating standards such as AGMA and ISO, which
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are based on the Hertzian contact theory, have been
used to evaluate the contact stress with the assumption
that the sliding friction and tooth deflection are
negligible [23, 24]. In these standards, the maximum
contact pressure at the pitch point can be calculated
by using the transmitted load, face width, material
properties, and several factors that affect the
operating environment of the gear [25, 26].
The maximum contact pressure,  H , of AGMA
is given as follows:

 H  Ze Ft Ko Kd Ks

Kl
dp bZg

(1)

where subscripts o, d, s, and l represent overload,
dynamic, size, and load distribution factors of K ,
respectively. Ze is the elastic coefficient, Zg is the
geometry coefficient, Ft is the tangential load applied
on a gear tooth, dp is the pitch diameter of the
pinion gear, and b is the face width [24].
 H of ISO 6336 is given as follows:

 H  Zs Zz Ze Zc Ka Kd Kt Kf

Ft u  1
dp b u

(2)

where Ka , Kt , and K f are the application, transverse
load, and face load factors, respectively. u is the
gear ratio; subscripts s , z , and c represent the
single pair tooth contact, zone, and contact ratio
factors of Z , respectively [32].
2.2

Quasi-static FEM

The study focuses on the contact stress analysis of
gear sets during operation. For this purpose, an
analysis is required for all contact positions along
the line of action. The quasi-static analysis is an
effective method to calculate the stress for the contact
positions. Although the inertia effect is neglected,
it is relatively low during polymer gear operation.
Moreover, quasi-static analysis reduces the computation
time because the model is more straightforward
than that of dynamic analysis [26]. The governing
equation of the quasi-static model in the matrix
form can be obtained by the following dynamic
model:





  C  u    K  u  F  t 
 M  u

(3)

},{u },{u}, and {F (t )} are the nodal acceleration,
where {u

velocity, displacement vectors, and the total external
force vector applied in the system, respectively.
 M  represents the matrix of mass, C  is the matrix
of constant damping, and  K  is the matrix of stiffness.
By considering the system as a quasi-static condition,
the terms for velocity and acceleration, which are
inertia effects, are ignored. Hence, Eq. (3) can be
rewritten as the following:
 K  u  F 

3
3.1

(4)

Simulation
Gear geometry and material properties

The following basic parameters were used to generate
the involute spur gear model: pressure angle, 20°;
module, 1.5 mm; and the number of teeth, 30.
Additionally, a tip relief radius of 0.2 mm was applied
to the tooth profile to eliminate unnecessary stress
peaks that occur at the start and the end of contact
[26]. A polyether ether ketone (PEEK) composite
polymer and DLC were chosen as the gear and coating
material, respectively, to investigate the contact stress
of a hard coating applied to a polymer gear. The
material properties used in the simulation were
obtained from Refs. [30, 33]. The material properties
of the PEEK composite polymer are an elastic
modulus of 28 GPa and a Poisson’s ratio of 0.44.
For DLC, an elastic modulus of 170 GPa and a Poisson’s
ratio of 0.2 were used as input values. The thickness
of the coating was set to 2 m, which was chosen
based on previous studies that used DLC to improve
the tribological properties of gears [19, 34, 35]. A
summary of the geometric parameters and material
information is shown in Table 1. All materials used
in this study are assumed perfectly elastic and
homogeneous.
3.2

Simulation model and mesh

All simulations were performed using commercial
FEM software (ABAQUS, version 6.11). Only five
teeth were modeled for each driving and pinion
gear to reduce the computation time. Both the coating
and the gear were assumed to have perfect adhesion.
For a more accurate calculation, one pair of gear
teeth was densely discretized, as shown in Fig. 1.
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Table 1

Geometric parameters of the involute spur gear and material information.
Parameter

Driving and pinion gear

Module (mm)

1.5

Number of teeth
Pressure angle (°)

Material information
Elastic modulus of gear pair (GPa)

28

30

Poisson’s ratio of gear pair

0.44

20

Elastic modulus of coating (GPa)

170

Center distance (mm)

45

Poisson’s ratio of coating

0.2

Tip relief (mm)

0.2 (Radius)

Thickness of coating (m)

2

assumptions were made to simplify the simulation:
1) no heat-related stress, 2) no roughness effect, 3)
no misalignment, and 4) no residual stress within
the coating.
3.3

Fig. 1 Assembled gear set with densely discretized pair of
gear teeth.

The four other pairs were discretized with a relatively
low density to avoid excessive and unnecessary
computation time.
A quadratic plane strain mesh was used, termed
“CPE4” in ABAQUS. The total number of meshes
for the uncoated gear set is 604,876, and the total
for the coated gear set is 626,166. The contact pairs
were defined by considering the driving and pinion
gear flanks as master and slave surfaces, respectively.
The master nodes may penetrate the slave surface,
but the slave nodes cannot penetrate the master
surface. To apply a COF, Coulomb friction was
considered to be on the entire surface where contact
occurs. It should be mentioned that this COF was
applied to represent the micro-slip phenomenon
that occurs at the contact region. Therefore, the COF
value at the micro-slip region would be significantly
higher than the COF of the overall rolling motion
of the gear. Essentially, the shear stress generated
at the contact region was dictated by the magnitude
of the COF at the micro-slip region. COFs were
obtained from previous experimental studies, the
maximum of which was 0.5 for bare PEEK composites
and 0.15 for coated PEEK composite gear sets [17,
36]. Therefore, COFs of 0.1, 0.3, and 0.5 were chosen
for the bare polymer gear sets, and 0.05, 0.1, and
0.15 for the coated gear sets. The following additional

Boundary conditions

Two reference points were created at the center of
the driving and pinion gears, respectively, to apply
the boundary conditions. Coupling constraints were
used to join the reference points and the inner
surface of the gears. The boundary conditions were
applied sequentially with the following steps:
1) Approaching step: the center of the driving
gear was constrained in a rotational direction. The
pinion gear rotated until it contacted the driving
gear.
2) Loading step: a loading torque of 5 N·m was
applied to the reference point of the pinion gear while
the driving gear was constrained in the rotational
direction.
3) Rotation step: a rotation was applied to the
center of the driving gear after the central constraint
was removed.

4
4.1

Results and discussion
Contact stress analysis

The highest values in the contact pressure for each
contact position were obtained to investigate the
contact stress obtained from the simulation, as
shown in Fig. 2. Figure 2 shows the contact pressure
results corresponding to one mesh cycle between a
pair of gear teeth for each COF. At zero friction,
the calculated contact pressure is symmetrical with
respect to the pitch point, and the maximum
contact pressure is 187.7 MPa. The contact pressure
is observed to be high near the pitch point, which
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is attributed to the change in the number of contact
pairs. As shown in Fig. 3(a), the contact load is
carried by a pair of gear teeth between the lowest
point of single tooth contact (LPSTC) and the highest
point of single tooth contact (HPSTC) or by two
pairs of gear teeth.  H at the pitch point calculated
by AGMA and ISO 6336 is approximately 184.3
and 163.8 MPa, respectively. The contact stress
calculated from ISO 6336 shows a 12.7% difference
compared to the simulation result. However, the
result from AGMA has an error of 1.8%, which is
in good agreement with the FEM results.
Friction has significant effects on the contact
pressure. The maximum contact pressure values near
the pitch point are 191.5, 199.5, and 209 MPa for
COFs of 0.1, 0.3, and 0.5, respectively. The contact
pressure along the mesh cycle exhibits the opposite
behavior before and after the pitch point (Fig. 2).
From the start of the contact to the pitch point, the
contact pressure shifts upward as the COF increases.
However, the contact pressure decreases rapidly
after the pitch point until the end of the contact. It

Fig. 2 Highest contact pressure values in each contact
position with respect to COFs for a pair of bare gear teeth.

Fig. 3 Contact behavior of the involute spur gear: (a)
distribution of the contact force along the line of action and
(b) the rolling-sliding contact. Reproduced with permission
from Ref. [37],  Elsevier B.V. 1998.

should be noted that the contact pressure value
after the pitch point is even lower than that in the
case of zero friction. The behavior might be explained
by the direction of the friction force induced by the
sliding contact. The contact behavior of the involute
spur gears consists of rolling and sliding contacts
over the tooth flanks except at the pitch point,
where only a rolling contact is present [37]. Figure
3(b) shows the contact behavior of the involute spur
gears during rotation. As the driving gear tooth
starts to engage with the pinion gear tooth, rolling
and sliding contacts occur, and the directions of
rolling and sliding are opposite to each other.
However, as the teeth disengage, the directions of
rolling and sliding are the same. A free-body diagram
was constructed to understand the effect of the
direction of the friction force induced by the sliding
contact on the contact pressure, as shown in Fig. 4.
Ff represents a friction force vector induced by the
sliding contact. It can be decomposed into F1 and
F2 . Before the pitch point, as shown in Fig. 4(a), a
torque is generated by F1 that is in the direction
opposite to the rotation of the driving gear. The
torque interferes with the rotation of the driving
gear, requiring more torque to rotate. Therefore,
the contact pressure increases. After the pitch point,
if the F1 vector that is decomposed from Ff is taken
into consideration, as shown in Fig. 4(b), it has the
same direction as the driving gear. Consequently,
the driving gear needs less torque to rotate than
the constant load applied at the pinion gear, and
thereby reducing the contact pressure after the
pitch point.
Figure 5 shows the contact pressure results for
coated polymer gears with respect to COFs. The
maximum values near the pitch point are 190.1,
191.8, 193.5, and 195.3, MPa for COFs of 0, 0.05, 0.1,

Fig. 4 Free-body diagram of the gear set (a) before and (b)
after the pitch point.
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within the coating near the end of the contact, which
corresponds to the stress region in (2) in Fig. 6(b).

Fig. 5 Highest contact pressure values in each contact
position with respect to the COF for a pair of coated gear teeth.

and 0.15, respectively. With increasing friction, the
contact pressure results exhibit a tendency similar
to that of bare polymer gears. However, the presence
of a coating on the polymer gear did not significantly
affect the contact pressure. We postulate that a
coating thickness of 2 m was too thin to affect the
bulk deformation behavior of polymer gears, although
the elastic modulus of the coating is much higher
than that of the polymer gears.
4.2

Fig. 6 Von Mises stress distribution of the gear set (a) at the
pitch point and (b) of the coating with an enlarged view. In
the enlarged view, three notable stress regions were found: (1)
the center of the surface, (2) the end of contact, and (3) the
overall contact area.

Stress analysis in the coating

Stress analysis was performed for the moment, the
contact point of the gear passes the pitch point to
investigate the state of the stress within the coating,
as shown in Fig. 6(a). The von Mises stress is
displayed to evaluate the state of the stress in the
coating at zero friction. Figure 6(b) shows an enlarged
view of the stress distribution in the coating on the
driving gear flank. There were three notable stress
regions: (1) the center of the surface, (2) the end of
the contact, and (3) the overall contact area. According
to the Hertzian contact theory, the contact pressure
of a non-conformal contact shows a parabolic
distribution [26]. Similarly, two involute gear teeth
in contact at the pitch point experience a curved
shape of contact pressure distribution, resulting in
the maximum value of 125.3 MPa observed at the
center of the contact surface. As a result of the
contact, a flat contact area forms, which simultaneously
leads to two stress regions. The first is the stress
generated by bending. The coating is bent at the
end of contact during the formation of the flat
contact area. As shown in Fig. 7(c) at zero friction,
bending produces tensile and compressive stresses

Fig. 7 Stress distribution of the coating at the pitch point
with various COFs: (a) von Mises stress, (b) principal stress
in the normal, and (c) tangential directions (1 and 2 in the
coordinate system represent tangential and normal directions
with respect to the contact area of the coating at the pitch
point).
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The second is the overall compressive stress
within the contact area. As the two gears come into
contact, the surface that consists of the involute
curve is compressed over the contact area. Hence,
the original configuration of the curve is deformed,
and this effect contributes to additional compressive
stress within the contact area, as shown in (3) of
Fig. 6(b).
Figure 7(a) shows the stress distribution in the
coating at the pitch point with respect to COFs. As
the COF increases to 0.05, 0.1, and 0.15, the maximum
von Mises stress values are 136, 180.5, and 223.1
MPa, respectively. The maximum stress point is
shifted from the center to the edges of the contact
area as the friction increases. The stress distributions
in Fig. 7(a) can be explained by the micro-slip that
occurs during rolling. The contact at the pitch
point is dominated by rolling, as shown in Fig. 3(b).
During rolling with a given load, micro-slip occurs,
generating a friction force in the tangential direction
to the contact interface [38]. The principal stress
distributions in both normal and tangential directions
are displayed to clarify the effect of the micro-slip.
As shown in Fig. 7(b), there is almost no change in
the principal stress in the normal direction with
increasing the COF. However, the principal stress
in the tangential direction varies significantly with
the COF. As shown in Fig. 7(c), the maximum
compressive stress values increase to 202.8, 215.2,
251.3, and 301.1 MPa when the COF increases. The
maximum tensile stress values of 53.4, 107.6, 160.7,
and 212.1 MPa are observed outside of the contact
area when the COF increases.
Furthermore, there is no change in the contact
area when the COF increases, as shown in Fig. 7.
As described in Section 4.1, the driving torque
increases before the pitch point and decreases after
the pitch point because of the direction of the
sliding friction. However, at the pitch point, the
driving and the loading torque are the same
because the rolling contact with no relative motion
occurs at the pitch point, which means that the
same normal stress is applied on the gears when
the COF increases, resulting in a constant contact
area.

5

Conclusions

In this study, a FEM was developed to investigate
the contact stress of coated polymer gears. The
model described the operation between a pair of
gear teeth during a complete mesh cycle. Several
COFs were added to the contact condition to analyze
the contact stress over the roll angle. Moreover, an
analysis of the stress in the coating was performed
at the pitch point. Based on the results of the
simulation, the following conclusions were obtained:
1) AGMA provided acceptable accuracy to evaluate
the contact stress at the pitch point under frictionless
conditions. The error of the AGMA result was only
1.8% in comparison to the simulation result.
2) The contact stress analysis on a pair of gear
teeth during a complete mesh cycle showed that
the sliding friction had a significant effect on the
contact stress. When COFs were applied, the contact
stress increased before the contact point reached
the pitch point but decreased after the pitch point.
This was attributed to the change in the direction
of the sliding friction.
3) A coating of 2 m thickness had a negligible
effect on the contact stress during the mesh cycle
because the thickness was insufficient to affect the
bulk deformation behavior of the polymer gears.
4) The stress distribution within the coating
showed specific regions of tensile and compressive
stresses that were caused by micro-slip at the contact
interface. Higher COFs led to an increase in the
stress within the coating.
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